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3.5 Hydraulic Gradient and Energy Gradient. The hydraulic grade
line, or the hydraulic gradient, in open flow is the water surface, and in
pipe flow it connects the elevations to which the water would rise in pi-
ezometer tubes along the pipe. The energy gradient is at a distance equal
to the velocity head above the hydraulic gradient. In both open and pipe
flow the fall of the energy gradient for a given length of channel or pipe
represents the loss of energy by friction. When considered together, the
hydraulic gradient and the energy gradient reflect not only the loss of
energy by friction, but also the conversions between potential and kinetic
energy.

In the majority of cases the end cobjective of hydraulic computations
relating to flow dn open channels is to determine the curve of the water
surface. These problems involve three general relationships between the
hydraulic gradient and the energy gradient. For uniform flow the hydrau-
lic gradient and the energy gradient are parallel and the hydraulic gradi-
ent becomes an adequate basis for the determination of friction loss, since
no conversion between kinetic and potential energy is involved. In accel-
erated flow the hydraulic gradient is steeper than the energy gradient, and
in retarded flow the energy gradient is steeper than the hydraulic gradi-
ent. An adequate analysis of flow under these conditions cannot be made
without consideration of both the energy gradient and the hydraulie gradi-
ent.

4. Open Channel Flow

4.1 Steady, Unsteady, Uniform, and Nonuniform Flow. Steady flow
exists when the discharge passing a given cross section is constant with
respect to time. The maintenance of steady flow in any reach requires
that the rates of inflow and outflow be constant and equal. When the dis-
charge varies with time, the flow is unsteady.

Service work will involve problems in unsteady flow in the analysis
of discharge from conduits and spillways and in natural and improved chan-
nels where discharge varies during periods of runoff.

Steady flow includes two conditions of flow; uniform and nonuniform.
Flow is steady and uniform when the mean velocity and the cross-sectional
area are equal at all sections 1n a reach. Flow is steady and nonuniform
when either the mean velocity or the cross-sectional area or both vary
from section to section.

4.2 Elements of Cross Sections. The elements of cross sections re-
quired for hydraulic computations are:

a, the cross-sectional area of flow;

p, the wetted perimeter; that is, the length of the perimeter
of the cross section in contact with the stream;

r = a/p, the hydraulic radius, which is the cross-sectional
area of the stream divided by the wetted perimeter.

General formulas for determining area, wetted perimeter, hydraulic
radius, and top width in trapezoidal, rectangular, triangular, circular,
and parabolic sections are given by drawing ES-3%5.
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4,3 Manning's Formula. The most widely used open channel formulas
express mean velocity of flow as a function of the roughness of the chan-
nel, the hydraulic radius, and the slope of the energy gradient. They
are empirical equations in which the values of constants and exponents
have been derived from experimental data. Manning's formula 1s one of the
most widely accepted and commonly used of the open channel formulas:

v = 1296 2/0 /2 (5.4-1)

mean velocity of flow in f{. per sec.
hydraulic radius in ft.

slope of the energy gradient.
coefficient of roughness.
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Manning's formula gives values of velocity consistent with experimental
data and closely comparable to those computed by the Kutter-Chezy formula.
For very flat slopes the Kutter-Chezy formula is considered to be prefer-
able by some authorities. The Manning formula has the advantage of simpli-
city. The alignment chart, drawing ES—3h, may be used to solve for v, r,
s, and n when any three are known.

4.4 Coefficient of Roughness, n. The Manning formula is expressed so
as to use the same n as is used in the Kutter formula. Table 93, p. 287,
"King's Handbook™, compares values of n which will meke the Kutter-Chezy
and Manning formulas equivalent. This table and many other comparisons be-
tween the two formulas show that Kutter's n need not be modified for use in
Mamning's formula when the slope is equal to or greater than 0.0001 and the
hydraulic radius is between 1.0 and 20 or 30 feet.

The computed discharge for any glven channel or pipe will be no more
relisble than the value of n used in making the computation. The engineer,
when he is selecting the value of n, is in fact estimating the resistance
to flow of a given channel or pipe. This estimate affects the design dis-
charge capacity and the cost and, therefore, requires careful consideration.

In the case of pipes and lined channels this estimate is easier to make,
but it should be made with care. A given situation will afford specific
information on such factors as size and shape of cross section, alignment of
the pipe or channel, type and condition of the material forming the wetted
perimeter. Knowledge of these factors, associated with the published re-
sults of experimental investigations and experience, make possible selec-
tions of n values within reasonably well-defined limits of probable error.

Natural channels and excavated channels, subJect to various types and
degrees of change, present a more difficult problem. The selection of ap-
propriate values for design of drainage, irrigetion, and other excavated
channele is covered by handbook data relating to those subjects.

The value of n is influenced by several factors; those exerting the
greatest influence are:
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(1) The physical roughness of the bottom and sides of the channel.
The types of natural material forming the bottom and sides and the degree
of surface irregularity are the guides to evaluation. Soils made up of
fine particles on smooth, uniform surfaces result in relatively low values
on n. Coarse materials such as gravel or boulders and pronounced surface
irregularity cause the higher values of n.

(2) Vegetation. The value of n should be an expression of the re-
tardance to flow, as it will be affected by height, density, and type of
vegetation. Consideration should be given to density and distribution of
the vegetation along the reach and the wetted perimeter; the degree to
which the vegetation occupies or blocks the cross-sectional area of flow
at different depths; the degree to which the vegetation may be bent or
"shingled" by flows of different depths.

(3) Variations in size and shape of cross section. Gradual and uni-
form incresase or decrease in cross section size will not significantly af-
fect n, but abrupt changes in size or the alternating of small and large
sections call for the use of a somewhat larger n. Uniformity of cross-
sectional shape will cause relatively little resistance to flow; whereas
varigtion, particularly if it causes meandering of the major part of the
flow from side to side of the channel, will increase n.

(4) Channel alignment. Curvature on relatively large radii and wich-
out frequent changes in direction of curvature will offer comparatively
low resistance to flow. GSevere meandering with the curves having rela-
tively small radil will significantly increase n.

(5) silting or scouring. Whether either or both of these processes
are active and whether they are likely to continue or develop in the fu-
ture is important. Active silting or scouring, since they result in chan-
nel variation of one form or another, will tend to increase n.

(6) Obstructions. ZLog Jams and deposits of any type of debris will
increase the value of n; the degree of effect is dependent on the number,
type, and size of obstructions.

The value of n, in a natural or constructed channel in earth, varies
with the season and from year to year; it is not a fixed value. Each
year n increases in the spring and summer, as vegetation grows and folil-
age develops, and diminishes in the fall as the dormant season develops.
The annual growth of vegetation, uneven accumulation of sediment in the
channel, lodgment of debris, erosion and sloughing of banks, and other
factors all tend to increase the value of n from year to year until the
hydraulic efficiency of the channel is improved by clearing or clean-out.

A1l of these factors should be studied and evaluated with respect to
kind of channel, degree of maintenance, seasonal requirements, and other
considerations as a basis for making a determination of n. As a general
guide to judgment, it can be accepted that conditions tending to induce
turbulence will increase retardance; and those tending to reduce turbu-
lence will reduce retardance. Table 5.4-1 lists values of n taken from
various sources which will be useful as a guide to the value to be used in

a given case.



TABLE 5.4-1. VALUES OF ROUGHNESS COEFFICIENT, n

. . Values of n Refer-
Type of Conduit and Descripticn Min. Design Mo, ences
Pipe
Cast-iron, coated 0.010 | 0.012 - 0.014 | 0.01k 1
Cast-iron, uncoated 0,011 | 0.013 - 0.015| 0.015 1
Wrought iron, galvanized 0.01% | 0.015 - 0.017| 0.017 1
Wrought iron, black 0.012 0.015 1
Steel, riveted and spiral 0.01% | 0.015 - 0.017 ] 0.017 1
Corrugated 0.021 0.025 0.0255 2
Wood stave 0.010 [ 0.012 - 0.013] 0.014 1
Neat cement surface 0.010 0.013 1
Concrete 0.010 | 0.012 - 0.017 | 0.017 1,6
Vitrified sewer pipe 0.010 | 0.013 - 0.015] 0.017 1
Clay, common drainage tile 0.011 [ 0.012 - 0.014 ] 0.017 1
Lined Channels
Metsl, smooth semicircular 0.011 0.015 1,5
Metal, corrugated 0.0228 0.024 0.024k4 2
Wood, planed 0.010 0.012 0.015 1,5
Wood, unplaned 0.011 0.013% 0.015 1,5
Neat cement-lined 0.010 0.013 1,5
Concrete 0.012 |0.014 - 0.016 | 0.018 1,5
Cement rubble 0.017 0.0%0 1,5
Vegetated, small channels, shallow depths
Bermuda grass; long - 13", green 0.042 3
Long ~ 13", dormant 0.035 0.25 3
Short - 3", green 0.034 3
Short - 3", dormant 0.034 3
Sericea Lespedeza; long -l6", green 0.076 0.22 3
Long ~ 16", dormant 0.050 3
Short - 2", green 0.0%% 3
Short - 2", dormant 0.034 3
Unlined Channels
Barth; straight and uniform 0.017 0.0225 0.025 1
Dredged 0.025 0.0275 0.033 1
Winding and sluggish 0.0225 0.025 0.030 1
Stony bed, weeds on bank 0.025 0.035 0.040 1
Earth bottom, rubble sides 0.028 [0.030 - 0.033 | 0.035 1

(Continued on next page)
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TABLE 5.4-1 (Continued). VALUES OF ROUGHNESS COEFFICIENT, n

w
X . Values of n Refer- .
Type of Conduit asnd Description Min. Desian Max. ences ¥
Unlined Channels—Continued N
Rock cuts; smooth and uniform 0.025 0.03%3 0.035 1
Jagged and irregulsr 0.0%5 0.045 1
Natural Streams
(1) Clean, straight banks, full stage, no rifts or
deep pools 0.025 04033 1,4
(2) Same as (1) but more weeds and stones 0.030 0.0L0 1,k
(3) wWinding, some pools and shoals, clean 0.033 0.045 1,4
(k) Seme as (3), lower stages, more ineffective slopes
and sections 0.040 0.055 1,4
(5) Same as {3), some weeds and stones 0.035 0.050 1,4
(6) Same as (4), stony sections 0.045 0.060 1,4
(7) Sluggish reaches, rather weedy, very deep pools 0.050 0.080 1,k
(8) Very weedy reaches 0.075 0.150 1,54

REFERENCES :

1. "King's Handbook", pp. 182 and 268.

2. "Hydraulics of Corrugated Metal Pipes" by H. M. Morris, St. Anthony Falls Hydraulic

Laboratory, University of Minnesota.

and USDA Technical Bulletin No. 967, February 1949.

ESAN ||

Washington, D. C., pp. 227-233.

o\

"Low Dams" by National Resources Committee, U. S. Government Printing Office,

"Flow of Water in Charmels Protected by Vegetative Linings" by W. 0. Ree and V. J. Palmer;

"The Fiow of Water in Flumes" by Fred C. Scobey; USDA Technical Bulletin No. 393, Dec. 1933.
. "Hydraulic Studies of Twenty-four Inch Culverts"”, studies by St. Anthony Falls Hydraulic

Laboratory, University of Minnesota; The American Concrete Pipe Association; and the

Portland Cement Associatiom.

\O 0O

May 4, 1916,

. "The Flow of Water in Irrigation Channels" by Fred C. Sccbey, USDA Bulletin 194, 1914,
"Flow of Water in Drainage Channels” by C. E. Ramser, USDA Technicel Bulletin No. 129, 1929.
. "Scme Better Kutter's Formula Coefficients" by R. E. Horton, Engineering News, February 2k,
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h.5 Critical Flow. Critical flow is the term used to describe open
channel flow when certain relationships exist between specific energy and
discharge and between specific energy and depth of flow. Specific energy
is the total energy head at a cross section measured from the bottom of
the channel. The conditions described as critical flow are those which
exist when the discharge is meximum for a given specific energy head, or
stated conversely, those which exist when the specific energy head is mini-
mum for a given discharge.

Consider the specific energy and discharge at a section in any chan-
nel, using the notation

= total discharge.

= Q/T = discharge per unit width of channel.
crogs-gectional area of flow.

depth of flow to the bottom of the section.
= a/T = mean depth of flow.

top width of the stream.

mean velocity of flow.

acceleration of gravity.

specific energy head, i.e., the energy head
referred to the bottom of channel.
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The specific energy head (see Fig. 5.3-1) is:

.
He-—d+-é-é-

From equation (5.3-2) v = Q/a; therefore,

Q3
H, =4+ (5.4-2)
Ega?
By solving this equation for the H, at which q 1s a maximum or the depth at
which H, is a minimum, the following general equation for critical flow in
any channel may be obtained. (See "King's Handbook", pp. 372-373):

2 8.3
g— = 7 (5.4-3)

From equation (5.4-3) @%/a® = ag/T; and since Q%/a® = v and a = d T, the
specific energy when flow is critical is:

o

B, =d+5z=d+5 (5.5-4)

Study of the specific energy diagram on drawing ES-35 will give a more
thorough understanding of the relationships between discharge, energy, and
depth when flow 1g critical. While studying this diagram, consider the
following critical flow terms and their definitions:
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Critical discharge - The maximum discharge for a given specific en-
ergy, or a discharge which occurs with minimum specific energy.

Critical depth - The depth of flow at which the discharge is maximum
for a given specific energy, or the depth at which a given discharge
cccurs with minimum specific energy.

Critical velocity - The mean velocity when the discharge is critical.

Critical slope - That slope which will sustain a given discharge at
uniform, critical depth in a given chanmel.

Subcritical flow - Those conditions of flow for which the depth is
greater than critical and the velocity is less than critical.

Supercritical flow - Those conditions of flow for which the depth
is less than critical and the velocity is greater than critical.

The curves show the variation of specific energy with depth of flow
for several discharges in a channel of unit width. These curves are
plotted from the equation, He = 4 + (g° + 2gd%), by taking constant values
of q, assuming d, and computing H,. Similer curves for any discharge at
a section of any form may be obtained from the general equation (5.4k-2),
Certain points, as illustrated by these curves, should be noted:

(a) There 1s a different critical depth for every discharge. In
this graph all critical depths fall oa che line defined by the egquation
He = 3d,/2; in the general case, critical depths will fall on a curve
defined by equation (5.4-4).

(b) In a specific energy diagrem the pressure head and velocity head
are shown graphically. The pressure head, depth in open channel flow, is
represented by the horizontal scele as the distance from the vertical
axis to the line along which Ho = d. The velocity head at any depth 1s
represented by the horizontal distance from the line along which H, = d,
to the curve of constant q.

(c) For any discharge there is a minimum specific energy, and the
depth of flow corresponding to this minimum specific energy is the crit-
ical depth. For any specific energy greater than this minimum there are
two depths, sometimes called alternate stages, of equal energy at which
the discharge may occur. One of these depths is in the suberitical range
and the other is in the supercritical range.

(d) At depths of flow near the critical for any discharge, & minor
change in specific energy will cause a much greater change in depth.

(e) Through the major portion of the subcritical range the velocity
head for any discharge 1s relatively small when compared to specific en-
ergy, and changes in depth are approximately equal to changes in specific
energy.
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(f) Through the supercritical range the velocity head for any dis-
charge increases rapidly as depth decreases; and changes in depth are
associated with much greater changes in specific energy.

In addition to its importance in the discharge-energy relation-
ship, critical velocity has significance as the velocity with which
gravity waves travel in relatively shallow water. If, in the general
equation (5.#-3) Q = av and the appropriate values for a channel of unit
width are substituted, the critical velocity is found to be /gd,. The
velocity of propagation of gravity waves in shallow water is also ¢§E s
d being the depth of water. Therefore, a wave may be propagated upstream
in suberitical flow but not in supercritical flow.

4.5.1 General Formulas for Critical Flow. General formulas
for critical flow in any section are:

=4 3
== = (5.4-3)
dm

H, = d, + 35 (5.4-4)
%

& =z (5.4-5)
%

dm = ? (5.‘-!--6)
a“g

v, =vVed (5.4-7)

Q. = a\Ved, (5.4-8)

Symbols used in these formulas are:

He = gpecific head.

Qc = critical discharge.

q, = Qc/T = critical discharge per unit width of channel.
a = cross-sectional area,

T = width of water surface,.

dc = ¢critical depth.

dm = a/T = mean depth of critical flow.

Vo = critical velocity.

g = acceleration of gravity.

See drawing'ES-53 for the symbols for channel dimensions.
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4.5.2 Critical Flow Formulas for Rectangular Channels. See

paragraph 4.5.1 for the symbols used in the following formulas:

H
e

a

[+

Graphical solutions for Q. or
use of the alignment chart on

=3/2 4, (5.%-9)
=2/3 H, (5.%-10)
= ﬁz (5.4-11)
ol 5.4

3 Qi
= ‘/ z (5.4-12)
3 Qi
=~/ = (5.4-13)
g

=/ &4, (5.4-14)

- *feq_ (5.4-15)
afeq,

= - (5.4-16)

- a2 [g (5.%-17)

= 5.67 bad/2 (5.4-18)

= 3.087 bE/2 (5.4-19)

d, in equation (5.4-18) may be made by the
drawing ES-24.

4.,5.3 Critical Flow Formulas for Trapezoidal Channels. See

paragraph 4.5.1 for the symbols used in the following formulas:

(5o
H

+5zd ) d
M (5.4-20)

e~ (2b+ hzdc7
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HYDRAULICS: MANNINGS

FORMULA

Range of Chort
= 5:0.0/0 to O.50
—ao? = r=0.20 fo 7.0
= = n:0.008 ro 0.07
= sk y<16.0 r0 50.0
— = 3.5
R
|- aos
= 40
F aoas|
E - 3o
—a0d |
E - 2.0
=~ aosf
E a5 g
; E 5—13.0
—aos [ E
= E o
" e - E_
9| 'T =
L oaes . C oo
SE 2 = ©
£ R E %
N TR oo 3
b E E
s E e E >
=L E 3 Foo 8
c—aR =g E E 2 8
2E F b E 3
SE M X E 9
“wE [ E
SE a0t v £ oo
oF 2 =
QF ao7 |- E /
L= B 70
SE oo E 40 = 2
E = 0.93 = 0.\
a5 E-og0 f—so;’/ X
E E pead V-~
= aosl 00 = ,,-’.;__Q.,CLZ//
F Eas0 s
; o3 ; ars e e /§
I E — b/ ==
o = 07 2 )
: - 065 4 E
= ot ‘\‘a“/ =
i =y y E3.0
- - e E
- = RS =
— o0 [—~ 053 ) =
E F 2 Feo
S 0«\9/ E
F- 0009E y E
= = =ro
== E aes E
E B e
= o008- E
g/a,o =o.0
0.5 , R ,
E for the solution of problems in uniform flow
= by Manning's Formula:
E 4 !
o.s0 y= L"!,'-@- rise
= va Mean velocity - f1./sec.
F rx= Hydraulic Rodius = ft.
- oes s= Slope of the energy gradient; which in
= uniform flow equals the channel slope
= and also the slope of the water surfoce- ﬂ./r‘f.
e n=Coefficient of roughness
Lazo

.50 —

N

by
1
S
|

°
N
[+

99.‘32
MECIRTIRN

o
<
8

5 o
S
8

L ot v i bl

0025

|Ill|HI|||I!lmhhl\hllHllm|!s!!lmlwllllhlmhl\lILI]]IIIIMIH“\

ooz

0.0/

o

o.0l0

s Slope - ft/71

A
5
=]

2Le

200
195
190
8.5
18,0

7.5

6.5

16.0

el il

v = Velocity = f/sec.

REFERENCE
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HYDRAULICS: PRESSURE DIAGRAMS AND METHODS OF

COMPUTING

HYDRGCSTATIC LOADS

YUnit Wid*h
8 / of Face
Water Surface @ s
- - — S Note: By or Brareo of the cwh Unit width
8 pressure diagram Farw 4‘—7‘; of A-8.
4 fg for each cose i Vr_- -
RN Fig. 1.
)
Q
?: £y or b 24
< 5 reg r L AN
B
5 Bp orFy (“'9' Aop I
sig }
@ Sl PN whs Determine by one
3 |;‘ / of methods shown
¥ / /n Frg 2.
-t — . . £ ————.
77777, PTITT7T7Z7T77 i’ P w/)

Structure (Schematic)

Fressure Dicgrom
Foce of Structure

Pressure Diogrom

Portion A-8 of Face of Structure

) Unit Width
p-wih-h) of Foce prwf*-hy)
Water Surfoce "E %7 —-f—__-) ’)-
[ — e g / Unit Width
. éﬁf_fafe( 5u.rface oF A-B
Ay T 1|/ \\ / "-\\A
> / /
Qg / / \ 7 / \
3 N Lo 0r P, /// A -9 Ly !, \—\ A
S S Y L \ { 7 K N andec.
N “QN ¢ — tg-hy / ’\c-‘.g_\ P
& Determine by [/ ’ cg. A g \
8 N one of methodsy / \\ z / /) 8
g shown in Fig. 2. 7\&? \ // \
3 /7 \ Iy \
~ // \ /7 \
§ 4 N L lL A
77 §777‘7777ﬂ P e
Structure (Schematic) Pressure Diogrom Pressure Diogrom
Foce of Strvcture Portion A-o of Foce of Structure
g Unit Width
peufh-h,) of foce Pa=wh
Water Surfoce ‘.'t for e e ” ‘rl-
— Y F V8 T [ ] / Unit Width
N / of A-8
)
] / /
ate 4
S Worter Surfoce /
Eq = == =4
< [y PRA (VK res Bl A i
cp.
$ 2 O Py ; ,/ 2\ #ecp. o // \\ o
3 & Determine by /| |/ \ / / \
8T a < one of methods | \\ Determine //’ 8\
S Shown in Fig & ~ 1> \ by moments, / \
N FENY \ /o \
2 / \ ; \
: Lo A 4 L1 A
b prwh, | paawh
B [amwh e SN
Structure (Schematic) Pressure Diagram Pressure Diogrom
Foce of Structure Porrion A-B of Foce of Structure
Figure 1
Deferm/nof/an af Center of Grovity of Tra,oezma
A g A About 88 y - AR
= ad gt F(b-0/dz50 @00 Zm——————mme—— -
center of Y __i'i—}a = E] d_ a
ovit adr§(b-a)o e z .2
gravily % S/mpllfy/ng \ b e /
| aS— = Zed+bg ~ ! . certer of
: About B'A; 3 (a “ \K:-/ grovity
i P ? ad-fa+ é(b-a)d-(afb-‘sf) £ /% i
I s /_f ad*l(b-a)d \\\\
407, ng L e = =
B‘ b 8’ p/y/g ob+ b2 a2 - 43 '|= b a P!
Mothemotical Solution 3 lo+b) 3(az-4% Groppico! Solution
Frgure 2
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HYDRAULICS:

PRESSURE DIAGRAMS AND METHODS OF
COMPUTING HYDROSTATIC LOADS

Water Surfoce A

opposite fo those shown. Pressure Diegram

—rg origin
!ch ¥lcglof ABO
Py Fix) |
__ L eTcp
A" >1 5 WA - 8
/ plwn | Cnit wiors cg X e, ®
4 [ of 4-8
4 / i/ Verticol Projection)
4 // | Unit Width of A-8
e - b 1 (Horizontal Frojection)
Note: The following solution is
general and I8 valid For;
11hany shape of portion 4 2 - - y 2
A-B ana.(2), woter on Fu= 2 wh £=wAsg0 Fr = e A
either sice of A-8. g- R Aq8n =Arec7 bovnded by ABO sina=
However, when woleris 3 ‘.[f( o 2
on the right of A-8, the () ax b _
pressure forces B, P, ./xf(x)dx _ Bzt hx
ond £, act in directions _74-— YR = P,
ABo R

by subscript, or al bottom of structure or
portion of Struciture if no Subscrip? /s uvsed.

Structure (Schematic) af Horizonta! Pressure Vertical Pressure Force Pesuitont Pressure Force
Portion A-8 Fortion A-B Portion A-B
Figure 3
Woter Surfoce <D
—F 4 T/
/! Lo
2 |
/| |
/o |
// | o | cgof
/ | Unit Wiorh i | " a8co
/ |, ord8 N
< / |(Verticol Prajection) -] 1
loyeah, /m——/ |
gl o F la A
4
Py \‘ cg. | { 5
(BN ; cp | |
1 I P
8 B 8 8
L*& »h | o | cg
(Un'/;‘ Wigth of A-8
(Horizontal Projection)
2 2
¥ (n7-h?) o whi-h) (whi-hg)
y y ) [ e N Zsing
- (A-H)(H+ 2,
: #,,)2 5. (=r) (e 2hy) o=l u) 2 212)
Py 30k, 14,) ton @ N80k k) sind
Pressure Diaggrom
Struc ture (Schematic) — oF Horizonta! Pressure Vertical Pressure Force  Normo/ Pressure Force
Portior A-8 Portion A-8 Portion A-8
Figure 4
Symbols and Definitions
C.g. — <enter of gravity of grec, o5 indicaored. Py = horizontal cormponent of pressure farce per fool width.
C.p. — ceénter of pressure; /e, point of oction of o Py, — vertical component of pressure force per foot width.
pressyre rorce, or a compornent of o pressure Py — normal pressure force per fool widih,
force, on Mg foce, or o projeclion of rhe e — resultont pressure force per Foor Width.
foce, oFf o Structure. w — wesght of woler per cubic foof.
hHh - he/ym‘ of worter obove < pamf os indicoted ny — coorarnares or c.g. of pressure d/'ayram.
in "Structure (-Schema/'/C) or as indicotec Yy — distance from given point perpendiculor fo
by svbscript, line of oct/on of Fy.
P T intensity of pressure ol o po/nt jndicored Yo — disrance from givert point perpendicular to

line of oction of Fp.
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HYDRAULICS: CRITICAL DEPTHS AND DISCHARGES IN TRAPEZOIDAL AND RECTANGULAR SECTIONS

-

Values of Qc , Criticol dischorge _ c.fx.
&

° bottom width ld

20
no

? & 8 9 9 9 9
£ 9 s = y 3 3 3 3 3 3 3 3 M N
1unllmlmthh||JLnu]unfmm/unnu\mxlmn\uul\m]uu\unlunluuluuh||1|:||||uuMnllunlnH!xlHil\nlu]\Ix [N I N SN VAN I AU E RO N S I

s a 7/
4 4 / ; / / / . yd / ; / / - , ;

o
L3
1

b as
2.0

7.
%.0

o0

ratio Yo =0 ond values of d; can

200 e
4. 50 7
/ be read directly olgrg the
%.00 coincident 954 and %, <@ scoles.
28077 For erample: i %4 =103 for
v 7 M rectonguior section, fhen de =t 49
b

) 3.08 / %.00

5,60 st

CHECK OF GRAPHICAL SOLUTICN oo ’ %00

The farmulo for critical discharge in a channe! + ﬂ ﬂﬂ'
, 7 ’ v W o Woter surfoce

N “ - Wﬂ l 1068 « Crifical dischorge = —-—_4]’
Qe =Criticol d.:scharye [ £ T W / 7; Qc v Z
o *(Cross-sectiona! arec of channe) 3! crilicol .00 / >

depth de —F1 l;"
T *Widfh of cross section of crificol depth o, ~rt g / 3
/ Qe " dcz

. 0 Q
F ol ”‘ﬂ
160
o 7 4co RECTANGULAR SECTIONS
# z / For ;ecfongu/ar sections, the

of ony section is 2097

g(6+2d. )
bt 2zar
re, CcHECK: /
£X LE: z
Qe 153 chs; =378 25 o = bok #2d;? <3 X(06535) + 5(0655) / @ = Total critical dischorge - c.Fs.
o5y, fe3reer - 1965 4 204502 < 4.11012 3q.FF. / o = Critical depth -1
Reod o 10,6511 T - bt2zde  IHE XS X0.655) ¢ » )
/ b = Bottom width of section - Ft
- .55 = 8. d ., Z
3 £6,55 = 25571 / Side slope ratio Horizonta!

’ s Vertrcal
ot g § cszse P2l 250017 - '
/ PIVOT POINT g = 3246 rifsec

Qe = 1528/ .5 @,/

z

REFERENCE . - . - .
7This nomogram was oeveloped by Paul D Douvb? of rhe Engineering s 81T WIFARTMENT OF AGRICULIURE | STANDARD DWS. Ho,
. H

Stondords Unrt H. X. Beonaett, Chief ES- 24
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: . « Critieol discharge _ o7
Ty % 33 ox o2 oy 3§ g s g 2 YeeerE Bottamcwidtn T P e . . . . . e s s w3
bpoabenndu d o Lo e b by BT T Pl S b B b S ey ey ¥ TR T
prepm " Slonbpnde e b leaga b B dwgetsnDng o B Tee b by ol g,
SN \\\\\\\\‘\.\\ T T /z //// -, » s
* rd
[/ A A 008 s
Etor
o boe
ot
.00
0. 16
-
.20
.20
.40
o.50
g 2.0
ﬁtﬁ.n 2,70 @b
e a0 &
ey 1 090 4
—jftl‘i - V§
A ]
o w O
by} 6
=l = I
X = X
=
X3 G 20
= o
7
i ‘ia
- z .
CHECK OF GRAPHICAL SOLUTION i vl
The formula Ffor critical dischorge in o chonne! 4.0 =
of any section is 4.0 X
4 50 s 'de ) =
&g ¥ 252 . jues of critical, dopths fee)
G *Critical dischorge ofs, G ve i
o *Cross-sectionol orea of channel of critical I;l.‘.\\
depth g - rt 3
T =Width of cross section of criticol depth o -1t ?f.‘\
l\
EXAMPLE SHECK: 1
51011 24, Q=302 crs a = boh Frd 2 I0X226 42267 l\
Fe0z; foo4 = 226 $20.43 =43.03 sg. ft | R
Read o <2.26 1 T s brlzoe 02 X4 X2.26) | Q ‘dcé \fg(b*‘z‘/:)
= 10 +18.08 <28.08 £t l\ btizoe
o’ gf-32/6045Y -5 2525 i
& - VEJEIS « 30208 1 Qe = Total critical dischorge - c.fs
‘l de = Critical depth -t
\ b = Boftom width of se;:ff/orz -f;t/
. S5 - orizonta,
1\ z = Side siope :aha Verticol
PIVOT POINT g = 3206 rt/sec.
REFERENCE ; ; : AR . -
* This nomogram was oeveloped by Paul D Doubt of the Engineering s &1 YIATIMENT OF AORICULIURE ::‘:""2":& ro.
Stordoros LUn/t H. H. Bonnett, Chief
ENGINEERING STANDARDS UNIT SHEET __2 _ oF 3
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HYDRAULICS: CRITICAL DEPTHS AND DISCHARGES IN TRAPEZOIDAL AND RECTANGULAR SECTIONS

< 3 ¥ ‘?
|

O , Crifical dischar ze cfs
Velues of 3t » = pottom width F
O T

‘T’ § ] 2

7 g
— P
/)/ o0z
% .02
//’[/ O
W .08
/ 7 ; 0.06
5 = e 07
/ Ao.aa
i ’ .
/// ae
/ - = o
- /8
= — ¥
=
et et N
% ¢
e 0. y
=+
s e e s €
”h" - s
X A l I// .50
5750 /U/ e
e e e
G P e
- 6% ,6:,” 2.6
GRAPHICAL SOLUTION o et e :‘;”’ - azs
ek or saummeas souur e e
The formula for critical dischorge in o channel aes ,) 4] '; p ”‘;’ 0,
o i e
of any section is e A ! ==
9 ¥ 0.0 "—" = " 3o e
q: -:rfﬁ:al drschorge cks. = ,/% 4 3 !,| .8 _—gé_%ﬁ—%f_—-:__:?_ / N
o =Cross-seclional aree of channel of crificel ’ :, 4 ,‘//4'111" az.i:,7j/-‘ 3 cre ;’Cdfaf: ischorge = -
oy LS
d‘epﬂu dg ~Ff ] 5 15’.‘ %, 2.5] oo 5
T =Widrh of cross section of crifical depth dp -F1 20 / L———"]
3/ Are tze)°
EXAMPLE s 5/ @ ~dc b+22zde
Q- 3207.5 cfs; 20 3.6, b 25 FE CHECK: h‘f
2‘::&7‘ sf;.mﬂ o Ak Fack®n2s X604 1 3.5(6.04)0 /‘ Q. = Total criticol discharge - ¢.(s.
ecd o <6.04 1, = /5! /2769 = 278.69 sq. FE. / . ~
de = Critical depth -1t
e / b = Bottom widh of sechion 1t
. .28 =67, d X N 2/
02« g8 w3216 Q4L - 10,306,518 f z " Side siope :o"’a ver tical
: e = 32 7, .
Qe = VID,346,5/8 ~ 3,2/6 c.fs / ~PIVOT POINT g 3216 1 /Sec
REFERENCE . i . - \
This nomograr was  developed by Poul O Doubt of the Fngineering s&YS REFARTMENT oF soricuLTuRE  |sTAnoaRo owe. No.
Stondords Lnt. H. H. Bennett, Chiel ES- 24
ENGINEERING STANDARDS UNIT SHEET __ 3 or 3
DATE [ 3 1]
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HYDRAULICS: CRITICAL DEPTHS AND DISCHARGES IN TRAPEZOIDAL AND RECTANGULAR SECTIONS

Q¢ _ Criticol discharge _ c.fs.

Valuves of —= = >
6 o o o o o S S o ] bottom width rt
s % N $ 9§ ¥ @ N 2 ] S S Q M 2 N M N 23
~ ~ < ~ ~ ~ < X L 9 ~N ® [} 3 o N ~ g
O‘VGI!IIII[HII‘IH!‘IIHIIII]!IIII/iI(Il!I[HII/HlIIlIIll\/ll|IHI111111I11I|\l|l]|lllllllll!llI|lll|ll\ll!\l!lllllllllll‘Ilillll!llllll]l'!l|Illlll!ll||llllllliilIlIlllII|IIIILJl1I oo
/ s . Y, / Ve % / Vs / / /] / ; s 4 / ,
A / J / Vz / 7 : b.10

_'T / q’p // / , // 7 0. 20

RECTANGULAR SECTIONS
For rectongular sections, the
ratio ¥b =0 and volues of dy con

be reod directly along the

0 g coincident 94, and %4 =0 scales.
25 , For example: If %/ <10.3 for
rectangulor section, then dc=/.49

CHECK OF GRAPHICAL SOLUTION

The formula for critical discharge in o channel ’ " ’
of any section is 5007 ﬂ’” ’
’ aJy 00 / ’”‘ 7 2.00 Water surfoce
Q=9+ ¢ 2 ” /] 10.00 —‘—C Frcal dischar =
Qe =Critical dischorge c.fs. 7097, ” / ritical discharge =

o =(ross-sectional area of channel i critical 9.00
depth dc — 1t
T =Width of cross section af critical depth d. -+

de

3
[\3
]

LE

—EXamp,
o
[
Q
e
<
o
+
N
&
~
4

CHECK: /
EXAMPLE:
< . . a = bd. #2d.% =3 X(0.655)+5(0.655)¢ o )
0"/5'3;"’5;‘&"3”" z=3 ¥ ¢ / Q- = Total critical discharge - ¢c.fs.

. L3, =
55, 531667 1965 +2./45/2 =4.1/012 sg.r1.

Te—
S

Reod de =0.655 £+ = Critical depth -1t

T = b+2zde =342 X5X0.655) / i .
b = Bottom width of section -rt
= 3+6.55 =955t . . Horrzonta/
N ‘ 3 / z = Side slope rotio —
Q= g F 3206 Gy 235,817 / 3206 £t fsec? Vertical
= 32  /sec.
Q = /5.29/ c.Fs. @/"”"07 POINT g <
REFERENCE . . .
/77 777 ) L. .S. TME ; , . NO.
Jh/s 1o 09/'0’ Was 0’€V€/0,0€O' bJ/ Pov/ D Doub’r of rhe /79//788/'//79 . U.S. DEPARTMENT OF AGRIGULTURE STANDARD DWG. NO
r SOIL CONSERVATION SERVICE
Srondorods Unst. H. H. Bennett, Chief ES- 24
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Q. _ Critical discharge c.r.s.
Va/ues of -
¥ 52 38 § ° ¥ 8§ § 8 8 g R Bettom widih % S 2 v o8 ¢ e vy = v < 8 2 3% %3
000 lJ\lII\llll\l\llHlllHll{\\ll\l\ll\ll\l\l\l\'I\I)lﬁLl\l ﬁ;\t ll‘lwi L bl lell[h ll/’({7_1_1||l|mhm|m1[m||x phntog 117111111[1\“[“11[7(;Innl;\l'lLLnhmhmhmlm\lnnlmxlm\lnnlnx bbb b, e
R Y \ | o.or
Ay \(0 « B \ / / / / / L A / L o'af.os
0.0/ 3 t;‘; =Q 1 bl 0.05
AN p °%.o7
AR RS +— o‘o?).o.o
0.08 T 33_»0 - 0.10
© :s—-ﬂ, 0.12
§_ N, o./4
0.08 T8 ,;.h% i 0.16
i %0
0.04 s :"u_ o.
0.05 ‘ﬂ:?’ 3 L] 0
0.06 °‘;‘~’;§:§ 0.9
0.07 b o 2
-8 0.40
0.08 o %?_v;
0.02 Y 0.50
0.10 N 0
o.12 P o 70:
o 7 ”'vb/w«__b ajo é
16 o
< oo.:s i ¥ /%90 q?
o o (L ’0'5—/1 0
- 2 2,0 L2 o\
c'o - = i )
1) 0.30 "/I,’ls/‘q 1.6
°¢h \-/:6 zloa
0.40 T
& 12
oV 0.50 2= 20
0.600 i l-‘/".’a .
0-;30 de 4.0
"0.96 B 5.0
/.iz o o7 . 50.0
1.4 o.é.————/,,ﬁeo
CHECK OF GRAPHICAL SOLUTION 1855 2575.0
The formula for critical discharge in o chorne/ 5.0 o ’
of any section is 4.0
! o t.
ol :g%’ 75020 ;. rlf/cdl\ d‘Pfhs (dC) f
¢ 8.0 : jues of € i
Qc =Criticol discharge c.fs. #OWOS va |
a =Cross-sectional area of channel af criticol E\\
depth de - Ft §\ Wot P
aler surfoce
T =Width of cross section of critical depth o ~rt E\\ = <
\ o Critical discharge =
\ A Qc
EXAMPLE : CHECK: \ B 5 N
510 F1, 24, Q- 302 cfs @ = ba *zop TI0X226 t4(226)° \\ b >
Q
5:30.2; F=0.4 = 22.6 +20.43 =43.03 sq. ft \ 3 3
Read dc =2.26 f*. T = bt2za =10 H2 X4 X2.26) \ Qe =d? \/—hg(b*zoé)
" 10+18.08 2808 £t \\ bt2zc
@’ = g&l-32/6%449) -9 2525 \
& = VBI2525 = 302.08 | Q. = Total critical discharge - c.fs
\ de = Criticol depth -+
\ b = Bottom width of section-Ft
. . Horizontal
\ z = Sid Lorizenial
\ ide s/ope :a)‘/o Ver fical
PIVOT POINT g = 326 rt/sec.
REFERENCE : ) ’ U. 8. DEPARTMENT OF AGRICULTURE STANDARD DWG. NO.
This nomogram was oeveloped by Paul/ D. Douvbl of the Engineering oSS DEPARIMENT OF AGRIGULTURE T
5)40/70/0/,0/5 Z//7/,4. H. H. Bennett, Chief
ENGINEERING STANDARDS UNIT SHEET __2 OF 3
DATE 5-2-50
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REFERENCE

HYDRAULICS: CRITICAL DEPTHS AND DISCHARGES IN TRAPEZOIDAL AND RECTANGULAR SECTIONS

Volues o Qe . Critical discharge  c.fs.

8 BN 9 by} S o Q 9 9 a N ) onffomwid{{; gf' ) S 9 ° 9

N S 9 3 N R N X < S g N § Y 8 3 ¢ N Q N $ 3 8
000%}&\X)JllllJiJIL[[Jllllllll||L1L|[l_li|iIIlIIIIII!I(}[IIII!JIJILILII[Illl[lll\lliiIll]J]]llI]illlllIlJIJJIJILaw
o.oosl?—;/"‘o;;w L

o.0r ==l705 8

0.03 .9.9'7 // —~=0.04
0.0q 9'902 . K .0;’
0.05 ;// 3; 82 - / %/ o.ooe
0'00705 O'B 8 :; 7 % % jr o./2
0.09 ‘8":&0 //// /
017'67-5 ‘/6
<. LT ”
S o 5 . %
S —— — el W ——— S &
o o./6 / 27, ,, .20
Q. 0.8 o! /I / T ””,’ 0.26 0"’
o Sot; —— B — =03
e = pcad
oz6 s T ,’4""} 2.5°
B
303@3 /54,95.25‘,‘50 0.50550
000 / S AI;’, ﬁ
a0 I, 4“"54.4 —— '70
CHECK OF GRAPHICAL SOLUTION * e ;l’l; .5 = l";,,{:’ =075
The formula for criticol discharge in a chonnel ces l’ﬂ; AL 4;{’,;“:""' %5
0.70 ,’;’5{"’— o i Rt e A
of any section is o _,, ~”:’-'V 31 p =t 1.0
Q2-g¢ ogs; W =" 2

5
B e // b
. g = z
Qe =Critical dischorge c.fs. // 2

Water surface
// =350 e = 7= 2
“ ” = %>, Fi ischarge =
@ =(Cross-sectional area of chonnel af criticol P M 2.9, _7/,,5 Critical d. ] a
depth d. - £+ 8

|
\
|
h

(+
_ _ .. 18 T £ ¥eo L b |
T =Width of cross section at critical depth oy -1t 2.0 / ot o
N o -aF \g(6+24)°
EXAMPLE: ;§/ < *dc bt2zd
Q*3217.5 cfs; 223.5, b= 25 f* CHECK: “‘/
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e b
i, =5 ~ & (5.%-21)
b + zdc
VAT W S (5.4-22)
Q. = (5.4-23)

The use of these formulas will be materially simplified by tables referred
to in "King's Handbook", pp. 382-384., Drawing ES-24 is an alignment chart
to be used in solving for Q, or d_ in equation (5.4-23).

4,54 (Critical Slope. Critical slope is that slope which will
sustain a given discharge in a given channel at uniform, critical depth.
The relationships that must exist between discharge, energy, and depth in
critical flow are expressed by equations (5.4-3) and (5.4-k). The slope,
roughness coefficient, and shape of channel cross section determine whether
flow will occur in accordance with these specific relationships. A channel
of given cross section, slope, and roughness coefficient will carry only
one discharge at uniform, critical depth; the uniform depths at which other
discharges will occur are either greater or less than the critical depths
for the respective discharges. The same fact stated in another manner is:
A chanmel having a given cross section, roughness coefficient, and dis-
charge will carry that discharge at uniform, critical depth if the channel
slope is equal to the critical slope; if the channel slope is greater than
the critical slope, the depth of flow will be less than critical; if the
channel slope is less than critical, the depth of flow will be greater than
critical.

From the critical flow formulas and Manning's formula,

v, = Vv gdm and

v

1.486 r2/3 g1/2 then
n

1.486 /s g1/2 _ i
n =/ Sc/ =V 8l

From which the critical slope, S.» is:
nzdm
s = 1k.56 L2k
. % s (5.4-24)
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In a given channel the following criteria apply:

If the channel slope = 14.56 nzdm/r4/3, depth of flow = d.

If the channel slope < 14.56 nzdm/r4/3, depth of flow > 4.

If the channel slope > 14.56 ngdm/r4/3, depth of flow <d .
Formula (5.4-24) and the above criteria are useful for the foliowing pur-
poses: locating control sectlons, guiding the selection of channel section
and grade in preliminary design so that the unstable conditions of uniform

flow at critical depth may be avoided, determining the type of water sur-
face curve that will occur ir a given reach of channel.

4.5,5 gSignificance of Critical Flow in Design. Critical, sub-
critical and supercritical flow affect design in the following manner:

{a) Critical flow. Uniform flow at or near critical depth is un-
stable. This results from the fact that the unique relationship between
energy head and depth of flow which must exist in critical flow is readily
disturbed by minor changes in energy. Examine the curve for g = 4O c.f.s.
on drawing ES-35. The critical depth is 3.68 feet and the corresponding
cnergy head is 5.52. If the energy head is increased to 5.60, the depth
may be 3.2 or 4.2. 'Those who have seen uniform flow at or near critical
depth have observed the unstable, wavy surface that is caused by appreci-
able changes in depth resulting from minor changes in energy. In channel
design these conditions must be recognized. Variations in channel rough-
ness, cross section, slope, or minor deposits of sediment or debris may
cause fluctuations in depth of flow that are significant to channel opera-
tion. In many cases it is desirable to base design computations on two or
more values of n in order to establish the probable range of operating con-
ditions. Because of the unstsble flow, channels carrying uniform flow at
or near critical depth should not be used unless the situation allows no
alternative.

The critical flow principle is the basis for the design of control
sections at which a definite stage-discharge relation is desired or
required.

(b) Suberitical flow. Two general characteristics of suberitical
flow are important. First, at all stages in the subcritical range, except
those in the immediate vicinity of the critical, the velocity head is small
in comparison with the depth of flow. Study of the curves of constant dis-
charge, drawing ES-35, will make this point clear. Second, the velocities
are less than wave velocity for the depths involved and a backwater curve
will result from retardation of velocity. Thus, in the subcritical range
we are concerned with cases in which the depth of flow is of greater im-
portance than kinetic energy as represented by velocity head. In practice,
this means that changes in channel cross section, slope, roughness, and
alignment may be made without the danger of developing seriously disturbed
flow conditions so long as the design assures that flow in the supercriti-
cal range will not be created for some discharges in the operational range.
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However, in many cases the latitude in design which may be possible as a
result of dealing with subecritical flow will be offset by limited head
requiring that friction losses be held to a minimum.

(e) Supercritical flow. The design of structures to carry super-
critical flow requires consideration of some of the most complex problems
in hydraulics. In supercritical flow the velocity head may range from a
value approximately equal to depth of flow to many times the depth of flow.
Note from the curves on drawing ES-35 that the velocity head increases
very rapidly with decreases in depth throughout the supercritical range.
Supercritical velocities exceed the velocities at which gravity waves may
be propagated upstream. Any obstruction of flow will result in a standing
wave, and there will be no effect upon flow upstream from the cbstruction.
The fact that kinetic energy predominates in supercritical flow and cannot
be dissipated through the development of a water surface curve extending
upstream is of primary importance in design,

Channels involving changes of direction, contraction or expansion of
cross section, or the joining of two flows at a confluence at which either
or both of the flows may be supercritical require careful consideration.
Changes in direction or channel contractions develop disturbances at the
walls of the channel which take the form of standing waves reflected diag-
onally from wall to wall downstream from the disturbance points. The
height of these standing waves may be several times the depth of flow im-
mediately upstream from the origin of the disturbance. Confluences at
which either flow or both flows may be supercritical also develop disturb-
ances resulting in standing waves. In expanding channels the discharge
may be incapable of following the channel walls because of the high veloc-
ities involved. This results in nonuniform depth and the development of
a hydraulic jump which is unstable as to both location and height.

A number of the factors that must be determined as a basis for design
of these high veloecity structures cannot be evaluated through theoretical
analyses only. General experimental results as well as experimentation
with individual structures are required. Basic requirements for projects
and structures should first be determined and tentative designs to meet
these requirements selected. The tentative designs should then be per-
fected through model tests.

Water surface profiles applying to cases of supercritical flow in
straight channels of uniform width can normally be determined with suffi-
cient accuracy for design by standard methods of analysis. Most structures
mist have outlet velocities in the subcritical range to prevent erosion
damage. The creation of the hydraulic jump by the use of stilling basins
is an efficient means of dissipating the excessive energy in supercritical
flow. Design criteria, based on thorough model investigation, are available
for some types of stilling basins. An example is the SAF stilling basin.
Under unusual conditions or when exacting requirements must be met, stilling
basin designs should also be perfected by model tests.

4.6 The Hydraulic Jump. When water flowing at greater than critical
velocity enters water with less than critical velocity and sufficient depth,
a hydraulic jump develops. In the jump the depth increases from an original
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depth to a depth which is less than the higher of the two alternate depths
of equal energy. The depth before the jump is always less than critical,
and the depth after the jump is greater than critical.

Between cross sections located Jjust upstream and downstream from the
Jump there occurs a loss of energy, a decrease in velocity, and an increase
in hydrostatic pressure. "King's Handbook", pp. 373-378 and 406-412, gives
a discussion of the energy and momentum conditions involved in the hydrau-
lic jump and shows the derivation of genersl formulas.

In paragraph 4.5 the specific energy in flow is discussed and illus-
trated by the curves on drawing ES-35. The force of a flowing stream is
the momentum force due to velocity plus the hydrostatic pressure force.
The force equation is:

2 -
F = gg + ay (5.4-25)
Fm = the force of the stream.
Q@ = the discharge.
a = the cross-sectional area.
Y = the depth to the center of gravity
of the cross section.

g = the acceleration of gravity.

For a rectangular channel of unit width, equation (5.4-25) becomes:

Drawing ES-36 shows the specific energy curve, the momentum force curve,
and a sketch of a hydraulic jump for a discharge of 30 c¢.f.s. in a rectan-
gular channel of unit width. The momentum force curve for any discharge
in any type of channel would be similar to the one shown. Note that there
is a depth at which the force of the flowing stream is minimum and this
depth is the critical depth. When the force is greater than the minimum,
there are two possible depths, called conjugate or sequent depths, of flow.
One of these depths is less than critical, that is, in the supercritical
range where the pressure force, because of shallow depth, is relatively
low and the momentum force, because of high velocity, is relatively great.
The other depth, the sequent depth, is in the subcritical range where the
pressure force becomes more significant than the momentum force. The les-
gser of the two depths is the depth before a jump and the greater is the
depth after a jump. The energy head lost in the jump is the difference
between the energy heads for these two depths. As the two depths of equal
force approach the critical depth, the energy loss in the jump decreases.

4.6.1 Depth After the Jump. Formulas from which depth before
and after the jump in any 